Introduction {#sec1}
============

Developing inexpensive non-polluting catalysts to produce high value-added chemicals is a significant task in many important industrial and fine chemical processes. Widely used metal-catalysts are expensive and treacherous, having time-consuming synthetic methods, and the recovery process is complicated. Therefore, the application and design of metal-free catalysts (MFCs) for chemical transformation is demanding from the view of basic and applied research.^[@ref1],[@ref2]^ In addition to this, nonconventional energy sources such as microwave (MW), ultrasonic irradiation, and mechanochemical mixing have been popularized to overcome problems associated with excessive and wasteful heating in conventional refluxing methods.^[@ref3]^ Solvent-free strategies are also gaining attraction to develop a cleaner process.^[@ref4]^

Graphitic or graphene-based materials are newly emerging green MFCs. These are used in various chemical transformations because of their large surface area, easy surface functionalization, tunable surface wettability, long-lasting stability, conductivity, and reusability.^[@ref2],[@ref5]^ The giant π structures of graphene promote a strong interaction with the π-framework of reactants and accelerate the reaction rate.^[@ref6]^ The physiochemical, redox, and electronic properties of graphene can be drastically altered by doping various heteroatoms like boron, nitrogen, oxygen, phosphorous, sulfur, etc. Graphene oxide (GO) and carbon materials doped with nitrogen (N) and boron (B) have been explored for various applications^[@ref7],[@ref8]^ compared to heavier atoms as dopant. P doping in graphene creates more structural distortions of the hexagonal carbon framework,^[@ref9]^ and it has been reported that P-doped bilayer graphene exhibits five times more electron mobility compared to pristine bi-layer graphene.^[@cit9d]^ Recently, Patel et al. reported benzyl alcohol oxidation using P-doped carbonaceous materials.^[@ref10]^

Here, we are reporting the microwave-assisted (MW-assisted) synthesis of a P-doped graphitic material (P-Gc) using phytic acid as a precursor by a reported method with some modifications.^[@ref10]^ The P content in our synthesized material is 3.93 wt %, and the specific surface area is 1635 m^2^/g. The well-characterized P-Gc was used as a solid catalyst in MW-assisted synthesis of β-ketoenamines in ethyl acetate medium. β-Ketoenamine is a highly efficient antitumor,^[@ref11]^ antibacterial,^[@ref12]^ and anti-inflammatory^[@ref13]^ agent. In most cases, we achieved more than 95% yields and the average reaction time was 3--5 min only. In traditional oil bath (OB) heating, we achieved an ∼88% yield of β-ketoenamines within 1 h. However, in a solvent-free condition, the MW-assisted conversion was ∼75% in most cases. To the best of our knowledge, this is the fastest approach to date for β-ketoenamine synthesis using a heteroatom-doped carbocatalyst with a maximum yield. Very recently, industrial-quality GO as a catalyst in an oil bath (reaction time ≥ 3 h) has been reported.^[@ref14]^ A GO--SnO~2~ nanocomposite has also been used for the same reaction with and without a solvent.^[@ref15]^ However, the second one is not completely metal-free.

Using the same carbocatalyst, MW-assisted Baeyer--Villiger (BV) oxidations were also efficiently performed for a wide range of ketones using hydrogen peroxide (H~2~O~2~) as a green oxidant. The direct use of H~2~O~2~ simplifies the operational condition and minimizes the production of waste. Commonly, expensive organic peracids are used in BV reactions because H~2~O~2~ is a weak nucleophile, hence kinetically very inert compare to peracids.^[@ref16]^ In our case, acid groups present in the P-Gc improve the electrophilicity of the carbonyl group of the ketones to compensate for the weakness. In contrast to peracids, H~2~O~2~ is safe, inexpensive, and contains more active oxygen atoms. In recent years, some successful attempts have been made using various homogeneous transition-metal and main group-metal catalysts, organocatalysts, and heterogeneous catalysts to activate H~2~O~2~ in BV oxidation.^[@ref17]^ Using our methodology, in contrast to aromatic ketones, cyclic ketones were converted to their corresponding cyclic esters in good to high yields (∼80%). As per our knowledge, this is the first report of BV oxidation catalyzed by a heteroatom-doped graphitic material using H~2~O~2~ as an oxidant.

Experiment {#sec2}
==========

Materials and Characterization {#sec2.1}
------------------------------

All chemicals were purchased from Sigma-Aldrich or Alfa and used without further purification.

P-Gc was characterized by powder X-ray diffraction (PXRD), Fourier transform infrared (FTIR), Raman spectrometry, scanning electron microscopy (SEM), transmission electron microscopy (TEM), atomic force microscopy (AFM), Brunauer--Emmett--Teller (BET) analysis, and X-ray photoelectron spectroscopy (XPS). PXRD was obtained using a Rigaku PXRD instrument. FTIR data were recorded using a Nicolte iS5 FTIR spectrometer (Thermo Fisher Scientific), and the Raman spectrum was recorded using a Horiba Raman spectrophotometer. TEM imaging was performed on a Cu grid at an accelerating voltage of 200 kV using TALOS S-FEG TEM. The elemental microanalysis of P-Gc was done using a Nova Nano SEM 450 (FEI) scanning electron microscope, coupled with energy-dispersive analytical X-ray spectroscopy (EDS). Surface topography images of P-Gc were obtained from AFM XE7, Park System. XPS was measured in ESCA, Omicron Nanotechnology, Oxford Instruments, and the binding energies were calculated using the maximum intensity of the C 1s signal at 284.8 eV as the reference. BET analysis was conducted in a Quantachrome autosorb automated gas sorption system using a nitrogen gas at 77 K to calculate the specific surface area. ^13^C NMR and ^1^H NMR spectra were recorded on Bruker spectrometer operating at 400 MHz. Chloroform-d (CDCl~3~) was used as a solvent, and tetramethylsilane (TMS) was employed as an internal reference.

Synthesis of the Catalyst {#sec2.2}
-------------------------

In a 20 mL quartz crucible, 500 μL of 50% aqueous solution of phytic acid was taken and irradiated in a multimodal scientific microwave oven with a stirring facility (model: RG 31L from Raga Tech, India; input voltage: 220 to 240 V; input frequency: 50 Hz; output frequency: 2450 MHz) for 40 s in 450 W power. The resultant black solution was cooled, washed with water, and dried in an oven. The material was mostly of a flake type. The material was grinded (made into small pieces) using a mortar and pestle and then ultrasonicated in water for 15 min. The residue was collected by vacuum filtration using a G3 sintered glass crucible. Then, the crucible was placed in the oven at 70 °C for drying ([Scheme S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)). In our modified method, we have enhanced the ultrasonication time (three times) from the previous report.^[@ref10]^

Synthesis of β-Ketoenamines {#sec2.3}
---------------------------

In a 20 mL quartz crucible P-Gc (8 mg), a β-diketo compound (1 mmol) and amines (1 mmol) were mixed and kept in a multimodal microwave oven (RG 31L) at 450 W at 60 °C for 2--4 min with continuous stirring with a magnetic bead using ethyl acetate as solvent to get β-ketoenamine. Using the same solvent, reactions were also done in conventional OB heating at 60 °C for 40--90 min with 10 mg of P-Gc. The reaction was monitored by thin-layer chromatography. The products were purified using a silica column. The mixture of ethyl acetate and hexane was used to run the column. ^1^H and ^13^C NMR spectra and a mass spectrum (HR-MS) *m*/*z* were taken for the products. The reactions were performed in solvent-free conditions in both the MW and traditional OB. Products are purified on a silica gel column (100--120 mesh size), and then the isolated yield was calculated. Conversion and percent yields were also measured using high-performance liquid chromatography (HPLC, [Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)).

Baeyer--Villiger Oxidation {#sec2.4}
--------------------------

In a 20 mL quartz crucible, P-Gc (15 mg), ketone (1 mmol), and H~2~O~2~ (50% aqueous; 1.3 mmol) were mixed and kept in a multimodal scientific microwave oven (RG 31L) at 700 W at 80 °C using acetonitrile, ethanol, and 1,2-dichloroethane (2 mL) as solvent to get lactones or esters. Depending on the substrate, reactions went on for 6--50 min. In the OB, it took 2--12 h keeping the other parameters unchanged. In the case of aromatic ketones, conversion and yields were measured using HPLC. For non-aromatic ketones, the product was separated using column chromatography and then the isolated yield was calculated.

Catalyst Recyclability {#sec2.5}
----------------------

The catalyst was recovered easily through centrifugation. The recovered catalyst was washed with solvent and dried at 60 °C. Recyclability of the catalyst was carried for synthesis of β-ketoenamines (e.g., the product from 1,1,1-trifluoro-2,4-pentanedione and para-anisidine) and BV oxidation (e.g., the product from 4-*tert*-butylcyclohexanone and 50% H~2~O~2~) in both the MW and OB for up to five cycles.

Kinetic Studies {#sec2.6}
---------------

A kinetic study of microwave-assisted synthesis of β-ketoenamine was done in a Cary 8454 UV--vis spectrophotometer in a 1 cm quartz cell at room temperature to gain further insight into the reaction mechanism. The rates of product formation of 1,1,1-trifluoro-2,4-pentanedione and various *para* and *meta*-substituted anilines in ethyl acetate were monitored as a function of time. Six reactions in each case were irradiated for six different periods at 10, 20, 30, 40, 50, and 60 s. Then, catalyst separation was done by syringe filtration and proper dilution was made using ethylacetate. All the reactions were repeated three times. The product peaks did not overlap with those of the reactants. Kinetic experiments were also performed by varying the β-diketo compounds with aniline. The effect of solvents on the rate was also checked.

In the case of microwave-assisted BV oxidation of cyclic ketones, as the reagents and products are UV inactive, the reaction kinetics was monitored through ^1^H NMR spectroscopy following the appearance of a triplet peak between δ = 4.25 and 4.40 in δ-valerolactone (product from cyclopentanone) and δ = 4.18 and 4.30 in ε-caprolactone (product from cyclohexanone). In the case of (1*R*,3*R*,8*S*)-4-oxatricyclo\[4.3.1.1\]undecan-5-one (product from 2-adamantanone), it is a multiplet between δ = 4.45 and 4.55. At first, a series of solutions containing different known concentrations of the products were run using CDCl~3~ as solvent and equal volumes of mesitylene as internal reference. The number of protons from the singlet aromatic peak in mesitylene between δ = 6.73 and 6.86 was set as "1" for all the solutions. With reference to this, the triplet peak was integrated and plotted against corresponding concentrations of the product. Using the slope of this calibration curve, the concentration of the reaction mixture in different time intervals (1, 2, 3, 4, and 5 min) was calculated from the same triplet/multiplet peak in the ^1^H NMR spectrum. Each of the aliquots was taken and diluted equally. The volume of mesitylene and total volume of the solution (20 and 500 μL, respectively) were maintained throughout the study. Catalyst separation was done using by syringe filtration, and acetonitrile was separated through vaporization under reduced pressure before NMR sample preparation.

Results and Discussion {#sec3}
======================

PXRD {#sec3.1}
----

The graphitic nature of the material is confirmed by PXRD analysis using Cu Kα as the energy source (λ = 1.542 Å). It shows a sharp peak at 2θ = 25.015 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a), which corresponds to the (002) plane, indicating 3.56 Å of the interlayer distance, a slightly increased interlayer spacing compared to graphite (3.36 Å).^[@cit9a],[@ref18]^ A very weak peak is observed at 2θ = 42.83 from the (010) plane.^[@cit9a]^

![Characterizations of P-Gc: (a) P-XRD pattern and (b) Raman scattering.](ao0c01231_0001){#fig1}

FTIR and Raman {#sec3.2}
--------------

FTIR analysis of both flakes and sonicated P-Gc shows the presence of C=C, P=O, P--O, C--O, P--OH, and P--C bonds^[@ref19]^ ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)). Raman scattering ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b) shows two separate peaks at 1346 and 1586 cm^--1^, referring to two characteristic bands D and G, which signify the out-of-plane vibration attributed to the presence of structural defects and in-plane vibration of sp^2^-bonded carbon atoms, respectively.^[@cit19b],[@ref20]^ The ratio of the intensities of these two, *I*~D~/*I*~G~, is found to be 1.025 indicating a high level of disorder in the material.^[@cit9a],[@ref21]^ There is also a broad and shorter 2D band near 2689 cm^--1^.^[@ref21]^ The lower intensity of this band supports the presence of disorder in the graphite layer, which minimizes the chance of a second-order overtone.

SEM, TEM, and AFM {#sec3.3}
-----------------

The SEM image ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b and [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)) shows that P-Gc consists of pores with wrinkled graphene-like sheets. The wrinkled structure suggests local geometrical distortions and it is possibly due to incorporation of larger P atoms compared to C atoms. EDS analysis shows that the P loading is 3.93 wt % ([Table S1 and Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)). The TEM image ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c) shows that the material is amorphous and layers agglomerated heterogeneously. However, the discrete diffraction spots of few layers in the SAED pattern ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, inset) confirms the presence of hexagonality, which is attributed to the material's graphitic nature.^[@cit18c],[@ref21]^ Graphitic layers were visible only in 5 nm resolution. Then, using Image J software, we measured the interlayer distance ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). It was found to be 3.57 Å,^[@cit9d],[@cit18a],[@ref21]^ which matches the magnitude found in P-XRD (3.56 Å). Similarly, from another selected area, the interlayer distance is obtained as 3.52 Å ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)). The surface roughness of P-Gc is quantified through AFM in the non-contact mode using XEI software. The topography images are shown in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf), and roughness values of the marked areas are presented in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf).

![(a) SEM Image (20 μm scale bar), (b) SEM image (5 μm scale bar), (c) TEM image (50 nm resolution), inset: SAED pattern, (d) TEM image (5 nm scale bar), inset: interlayer distance.](ao0c01231_0002){#fig2}

BET Analysis {#sec3.4}
------------

The BET analysis was done using liquid N~2~ (cross-sectional area = 16.2 Å^2^/molecule) as an adsorbate at 77.35 K within the relative pressure range of 0.05 to 1.0. The specific surface area was measured to be 1635 m^2^/g ([Figure S7a and Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)). To the best of our knowledge, this is the highest value among multilayered bulk graphite materials reported so far ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)).^[@ref10],[@ref22]^ According to de Boer's thickness method, the micro-pore area of the P-doped material was 1150 m^2^/g and its volume was 0.5988 cc/g. The average pore diameter was 3.263 nm ([Figure S7b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)).

XPS Analysis {#sec3.5}
------------

The XPS spectra showed that the P-Gc material contains three elements, C, O, and P. The curve fitting was done through XPS peak software using a Gaussian peak shape. The presence of different functional groups of C, O, and P was ascertained from deconvolution of their spectra ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).^[@ref10],[@ref23]^ Atomic percentages of C, O, and P are presented in [Table S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf).

![Deconvoluted XPS peaks for C 1s, O 1s, and P 2p in P-Gc.](ao0c01231_0003){#fig3}

###### Relative Percentages of Functional Groups of C, O, and P Obtained from XPS of P-Gc

  **O-functional groups**   **area**   **contribution**
  ------------------------- ---------- ------------------
  quinone                   610        11.31%
  C=O, P=O                  1419       26.31%
  C--O, P--O--C             2217       41.08%
  C--OH, P--OH              987        18.30%
  COOH                      162        3.00%
                                        
  **P-functional groups**   **area**   **contribution**
  (Ar)~3~P(=O)              197        26%
  (Ar)~2~P(O)(OH)           400        53%
  --COP(O)(OH)~2~           163        21%
                                        
  **C-functional groups**   **area**   **contribution**
  C=C                       18,339     46.32%
  C--P, C--C                4393       11.1%
  C--OH                     6559       16.5%
  C=O                       5431       13.71%
  COOH                      4872       12.31%

β-Ketoenamine Synthesis {#sec3.6}
-----------------------

The optimization of the reaction conditions ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}) in MW and OB was done using acetylacetone (1 mmol) and para-anisidine (1 mmol) as reactants in various solvents. In the case of MW heating, an ∼95% yield was observed at 450 W within 3 min in ethyl acetate (entry 4, [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, 8 mg of catalyst loading), which is a green solvent according to the environmental and health risk (EHS) assessment^[@ref24]^ of organic solvents. In the solvent-free condition, the catalyst loading was 6 mg and a 78% yield was observed (entry 6, [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). In the solvent-free condition in MW, if the catalyst loading was more than 6 mg, we observed that the released heat causes the P-Gc to ignite after a few seconds of the reaction, and as the prime microwave absorber solvent was absent, the entire irradiation was soaked by P-Gc. A lower yield was found in solvent-free conditions, possibly because the catalyst loading was less. At 60 °C in the OB, after 1 h of heating, an 88% yield was noticed in ethyl acetate (100% selectivity, entry 9, [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}), while a 70% yield was observed in solvent-free conditions (entry 11, [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). In MW heating, a lesser yield was noticed in hexane because hexane is transparent to MW (entries 3 and 5, [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}) and dispersion of P-Gc was less in hexane compared to a polar solvent like ethyl acetate. In the absence of P-Gc, no product was observed in both MW and the OB (entries 7 and 12, [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). Reactions using 1 mM phosphoric acid (H~3~PO~4~) instead of P-Gc in the same conditions give less than 10% isolated yields, indicating the effectiveness of P-Gc as a catalyst over H~3~PO~4~.

###### Optimization of Reaction Conditions for β-Ketoenamine Synthesis[a](#t2fn1){ref-type="table-fn"}^,^[b](#t2fn2){ref-type="table-fn"}

  entry                                P-Gc (mg)   temp (°C)   solvent         heating technique   yield (%)
  ------------------------------------ ----------- ----------- --------------- ------------------- -----------
  1                                    4           50          ethyl acetate   MW, 250 W, 3 min    30
  2                                    4           60          ethyl acetate   MW, 450 W, 3 min    63
  3                                    4           60          hexane          MW, 450 W, 3 min    55
  4                                    8           60          ethyl acetate   MW, 450 W, 3 min    95
  5                                    8           60          hexane          MW, 450 W, 3 min    85
  6[c](#t2fn3){ref-type="table-fn"}    8           60                          MW, 450 W, 3 min    78
  7                                                60          ethyl acetate   MW, 450 W, 3 min    00
  8                                    10          45          ethyl acetate   OB, 45 min          73
  9                                    10          60          ethyl acetate   OB, 60 min          88
  10[d](#t2fn4){ref-type="table-fn"}   60          60          ethyl acetate   OB, 60 min          82
  11[c](#t2fn3){ref-type="table-fn"}   10          60                          OB, 60 min          70
  12                                               60          ethyl acetate   OB, 60 min          00

Selectivity of 100%.

MW-assisted reactions; β-diketones or β-ketoesters were taken with a little excess as they readily reach boiling temperatures after absorbing microwave.

Solvent-free conditions.

Reactants are taken in 10 mmol.

The results ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}) confirmed that a wide range of aromatic, aliphatic, and cyclic amines could be effectively condensed with various symmetric and asymmetric β-diketones or β-ketoesters. The maximum yield for β-ketoenamines was found for para-substituted anilines with electron-donating groups like −CH~3~ and −OCH~3~. Also, for the same aniline, we got the maximum yield in the case of 1,1,1-trifluoro-2,4-pentanedione compared to the other two β-diketo substrates. The yield of β-ketoenamines with *meta-*substituted anilines was found to be less than that of *para*-substituted aniline. A 45% yield of β-ketoenamine was observed for sterically hindered 2-chloroaniline with 1,1,1-trifluoro 2,4 pentanedione in MW conditions (42% yield in the OB). In the case of aliphatic amines like *n*-butylamine and cyclohexylamine, an ∼95% yield was observed.

###### Scheme and All Possible β-Ketoenamines with Yields (^a^MW and ^b^OB)

![](ao0c01231_0009){#gr9}

![](ao0c01231_0010){#gr10}

P-Gc before sonication was also applied to three different reactions (R~1~ = −CH~3~, −CF~3~, and −OCH~3~, while R~3~ = Ph), giving a lesser yield compared to P-Gc after sonication ([Table S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)). It suggested that a larger surface area (1635 m^2^/g for sonicated and 1077 m^2^/g for flakes) is important for catalysis as it provides better exposure of the catalytic site to the substrates.

Mechanistic Understanding of β-Ketoenamine Synthesis Using P-Gc {#sec3.7}
---------------------------------------------------------------

The log *k*~rel~ (*k*~rel~ = *R*~X~/*R*~H~, *R* stands for the rate ([Figure S9f](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)) in MW conditions in ethyl acetate) value for aniline and its *para*-substituted analogue was plotted against Hammett parameters, and the ρ value −0.86254 was obtained from the slope ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). It suggested that electron-donating groups in *para*-substituted anilines accelerate the rate of the reaction by resonance stabilization of the positive reaction center in transition state 1 (TS1, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) and the reaction is definitely acid-catalyzed. The conjugate acid of the carbonyl compound has a carbocation character, and the strong C=O bond breaking is the key step. In the case of *meta*-substituted anilines, the linear-free energy relation was not sensitive ([Figure S9g](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)).

![Hammett plot for reactions of different *para*-substituted anilines with 1,1,1-trifluoro-2,4-pentanedione.](ao0c01231_0004){#fig4}

![Proposed mechanism for P-Gc-catalyzed synthesis of β-ketoenamine.](ao0c01231_0005){#fig5}

Based on related mechanisms reported in the literature^[@ref14],[@ref25]^ and our observations, we are proposing that β-ketoenamine synthesis goes through the enol form of the β-diketo compounds ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Babu et al. mentioned that, even in the absence of any catalyst, the enol form of acetylacetone reacts with aniline.^[@cit25a]^ In general, acid makes the carbonyl carbon more electrophilic and increases the acidity of α-protons, which facilitates enolization.^[@cit26a],[@cit26b]^ Here, our assumption is that acidic functional groups on P-Gc could favor the enol formation step. These enol forms have quasi-aromatic structures,^[@cit26c],[@cit26d]^ and the stability follows the trend of R~1~ = CF~3~ \> CH~3~ \> OCH~3~.^[@cit26c]^ The rates of MW-assisted reactions of these three β-diketo compounds with aniline were measured to be consistent with this trend, 27.72, 23.74, and 22.21 mol/L/s ([Figure S9c--e](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)). It is also suggested in the present case that the reactive form of the β-diketo compound is the enol form.^[@ref14],[@ref25]^ The quasi-aromatic structure of the enol form may have π--π interactions with the P-Gc surface (∼46% sp^2^ C=C and ∼11% sp^3^ C--C or C--P according to XPS) as aromatic molecules are reported to interact better on graphene surfaces than aliphatic ones.^[@ref27]^

In order to further test, we performed a reaction in OB conditions taking one equivalent each of acetylacetone, aniline, and cyclohexylamine and studied the reaction using HPLC ([Figure S17a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)). Cyclohexylamine is a stronger nucleophile than aniline. The yield of β-ketoenamine would be expected to be higher from the cyclohexylamine if nucleophilicity is the only governing factor, but the β-ketoenamine yield from aniline was more than 74%. The same experiment was done with *n*-butylamine instead of cyclohexylamine, which is an even stronger nucleophile than cyclohexylamine and has a more flexible structure. However, in this case, generated β-ketoenamine from aniline was more (∼55%) compared to *n*-butylamine ([Figure S17b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)). This result indicates that π--π stacking^[@ref8],[@ref25]^ of aromatic amines with the P-Gc could play a vital role. Finally, we propose that, at first, carbonyl oxygen of β-diketo compounds interacts with the phosphoric acid group of P-Gc and then subsequent addition of amines takes place in the next step, which is followed by the elimination of water ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).^[@ref14]^

Baeyer--Villiger Oxidation {#sec3.8}
--------------------------

The optimization of reaction conditions ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}) in the MW and OB was done using 4-*tert*-butylcyclohexanone (1 mmol), which produced white crystalline lactone (entries 1 to 3, [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}) in various solvents. Acetonitrile was found to be suitable solvents over ethanol for both MW and OB techniques ([Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}). Non-coordinating solvents such as toluene and cyclohexane were found to be less effective in BV oxidation.

###### Optimization of Reaction Conditions for BV Oxidation

  entry                                P-Gc (mg)   temp (°C)   solvent        heating technique   yield (%)
  ------------------------------------ ----------- ----------- -------------- ------------------- -----------
  1                                    8           80          acetonitrile   MW, 490 W, 6 min    20
  2[a](#t4fn1){ref-type="table-fn"}    8           80          acetonitrile   MW, 700 W, 6 min    58
  3[a](#t4fn1){ref-type="table-fn"}    15          80          acetonitrile   MW, 700 W, 6 min    84
  4[a](#t4fn1){ref-type="table-fn"}    15          74          ethanol        MW, 700 W, 6 min    70
  5[a](#t4fn1){ref-type="table-fn"}                80          acetonitrile   MW, 700 W, 6 min    00
  6[a](#t4fn1){ref-type="table-fn"}    20          80          ethanol        OB, 2 h             55
  7[a](#t4fn1){ref-type="table-fn"}    20          80          acetonitrile   OB, 2 h             81
  8[a](#t4fn1){ref-type="table-fn"}    20          r.t.        acetonitrile   OB, 6 h             75
  9[a](#t4fn1){ref-type="table-fn"}                80          acetonitrile   OB, 2 h             00
  10[b](#t4fn2){ref-type="table-fn"}   15          95          acetonitrile   MW, 700 W, 50 min   58
  11[b](#t4fn2){ref-type="table-fn"}   20          95          acetonitrile   OB, 9 h             55

Cyclic ketones to lactones.

Aromatic ketones to esters.

###### Scheme and All Products of Baeyer--Villiger Oxidation with Yields[a](#t5fn1){ref-type="table-fn"}^,^[b](#t5fn2){ref-type="table-fn"}^,^[c](#t5fn3){ref-type="table-fn"}

![](ao0c01231_0011){#gr12}

Yield for MW-assisted synthesis in acetonitrile.

Yield for synthesis on OB in acetonitrile.

Yield for MW-assisted synthesis in ethanol.

In contrast to aromatic ketones (like acetophenone), cyclic ketones were converted to their corresponding cyclic esters in good to high yields in a shorter reaction time (entry 3 vs entry 10 in acetonitrile, [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}, [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}). To get more conversion for aromatic ketones, we increased the reaction time up to 2 h, but then hydrolysis of the ester product was observed. Longer reaction times were needed for 2-adamantanone than for cyclohexanone ([Table S8 and Figure S10d,e](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)). The sterically congested transition state might be the possible reason. At room temperature (r.t.) in the OB, after 6 h, a 75% yield was observed for 4-*tert*-butylcyclohexanone. In the absence of P-Gc, no product was observed in both MW and OB conditions (entries 5 and 9, [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}). Like β-ketoenamine synthesis, Baeyer--Villiger oxidation was also not a response with 1 mM H~3~PO~4~. P-Gc without an ultrasound effect also turned out to give a lesser yield for the conversion of cyclopentanone to δ-valerolactone and cyclohexanone to ε-caprolactone ([Table S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)).

Mechanistic Understanding of BV Oxidation Using P-Gc {#sec3.9}
----------------------------------------------------

The density functional theory calculations of the uncatalyzed BV reaction of acetone and H~2~O~2~ were performed previously.^[@ref28]^ These calculations revealed that, in the first step, H~2~O~2~ donates a hydrogen bond to the carbonyl oxygen and the formation of a Criegee intermediate proceeds via four-membered transition states (TS). Then, simultaneous proton transfer from the peroxyl oxygen and a nucleophilic attack of the peroxyl oxygen on the carbonyl carbon result in a five-membered TS. During this step, intramolecular rearrangement of a methyl group happens from the central carbon to the oxygen and, at the same time, the O--O bond is broken. The activation energy requirement for the uncatalyzed reaction was found to be very high (39.8 kcal/mol for Criegee intermediate formation and 41.7 kcal/mol for the BV rearrangement step).^[@ref29]^ For this reason, the BV oxidation of ketones with H~2~O~2~ does not occur without catalytic activation. Carlqvist et al. reported that BF~3~, a strong Lewis acid, helps reduce the activation barrier for both steps.^[@ref30]^ Sever et al. proposed that rearrangement of the chelated Criegee intermediate is the rate-determining step for the tin-catalyzed BV mechanism and the Lewis acidic Sn center facilitates departure of the hydroxyl leaving group.^[@ref31]^ Xu et al. reported that chiral phosphoric acid simultaneously increases the electrophilicity of the carbonyl carbon and nucleophilicity of hydrogen peroxide for enantioselective BV oxidation of 3-substituted cyclobutanones.^[@ref32]^ According to their report, the reaction did not go through a peroxyphosphoric acid intermediate. Here, our explanation is that the phosphoric acid functional groups present in P-Gc may increase the electrophilicity of the carbonyl group of the ketones to compensate for the weakness of the nucleophilicity of H~2~O~2~ and could lead toward a low-energy pathway through a Criegee adduction intermediate ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, path a).

![Proposed mechanism for the BV oxidation using P-Gc as a solid acid catalyst.](ao0c01231_0006){#fig6}

However, in 2002, Berkessel et al. showed BV oxidation of ketones by H~2~O~2~ using catalytic Bro̷nsted acids in hexafluroisopropanol medium by a non-classical mechanism, via a spiro-bisperoxide intermediate.^[@ref33]^ To check whether this pathway exists or not in our case, we performed high-resolution mass spectrometry (HR-MS) during the course of the reaction. A spiro-bisperoxide compound (*m*/*z* calculated: 229.1435; observed: 229.1440) was trapped during oxidation of cyclohexanone ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). Similar intermediates were found in the reaction of 2-methylcyclohexanone and 4-methylcyclohexanone too. Therefore, the alternative mechanism could be the formation of lactonium cations from a spiro-bisperoxo intermediate followed by an attack of water at an acyl carbon atom ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, path b).^[@ref33],[@cit17b]^ Furthermore, adipic acid (∼10%) ([Figure S18d](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)) and 6-hydroxyhexanoic acid ([Figure S18c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)) were also isolated as byproducts. When we carried the reaction for more than 30 min in MW or 4 h in the OB, the predominant product was adipic acid, which supports its generation through either path c or d over oxidation of ε-caprolactone.^[@ref34]^ In MW conditions, we have also detected 2-cyclohexenone ([Figure S18a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)) and octahydrobiphenylene-1,5(4b*H*,8b*H*)-dione ([Figure S18b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)) in HR-MS as byproducts.^[@ref33]^ Octahydrobiphenylene-1,5(4b*H*,8b*H*)-dione is formed by a \[2 + 2\] cycloaddition reaction of 2-cyclohexenone.

![HR-MS data of spiro-bisperoxide trapped in the reaction mixture of cyclohexanone and hydrogen peroxide in MW conditions.](ao0c01231_0007){#fig7}

Catalyst Recyclability {#sec3.10}
----------------------

For up to five cycles of both β-ketoenamine synthesis and Baeyer--Villiger oxidation reactions, the recovered catalyst from the oil bath shows better recyclability than from microwave-assisted synthesis ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). After five cycles, the yield percentage of (*Z*)-1,1,1-trifluoro-4-((4-methoxy)phenylamino)pent-3-en-2-one dropped from 98 to 73 in MW. Similarly, the yield percentage of 5-(*tert*-butyl)oxepan-2-one dropped from 84 to 65 in MW after five cycles. For oil-bath reactions, no significant change for the yield percentage was observed across the five cycles for both of the reactions. After five cycles, recovered P-Gc was characterized through several techniques. No major change was observed in FTIR ([Figure S11a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)), SEM ([Figure S11b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)), TEM ([Figure S11c,d](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)), P-XRD ([Figure S11e](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf), peak shifted slightly to 2θ = 24.704, corresponding interlayer spacing = 3.60 Å, compared to 3.56 Å in the virgin P-Gc), and Raman ([Figure S11f](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)) analysis; however, the specific surface area was reduced from 1635 to 1048 m^2^/g (BET analysis, [Figure S12 and Table S9](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)). A significant change was also observed in XPS analysis of recovered P-Gc after microwave treatment, indicating the drop of phosphorous contained to be from 3.18% ([Table S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)) to 1.55% ([Table S10](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)). These can be the reason for the gradual decrease of the activity of P-Gc. The increase of oxygen contained from 13.51 to 16.73% implies the partial oxidation of P-Gc during the reactions. Relative percentages of different functional groups ([Table S11](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)) from deconvoluted peaks ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)) confirm the reduction of acid groups, including COOH and C--OH, which were present in trace amounts in virgin P-Gc. The increase of C--O functionalities and decrease of sp^2^ C=C confirm the partial oxidation of C=C in the graphite plane.

![Recyclability of P-Gc in (a) β-ketoenamine synthesis and (b) BV oxidation.](ao0c01231_0008){#fig8}

Effect of Microwave Heating {#sec3.11}
---------------------------

Microwave heating is considered as a non-conventional energy source for organic synthesis. Compared to conventional heating, which is introduced in the sample from the surface, MW radiation is rapid and volumetric. The effect of microwave irradiation in chemical reactions is a combination of thermal and non-thermal effects.^[@cit35a]^ The magnitude of heating mostly depends on the dielectric losses of the molecules. In addition to this, Mingos has found that overheating in the range of 13--26 °C above the normal boiling point may occur in the case of polar liquids on using microwaves.^[@cit35b]^ This effect can be explained by the "inverted heat transfer" effect since boiling nuclei are formed at the surface of the liquid. In our case also, a greater yield of was observed in polar solvent for both reactions.

Conclusions {#sec4}
===========

In conclusion, we have successfully accomplished a green method for synthesis of β-ketoenamines in microwave using P-Gc as a solid acid catalyst (in comparison to previous reports; [Table S13](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)). In most cases, a ∼95% yield was achieved in ethyl acetate medium and the average reaction time was 3--5 min only. To the best of our knowledge, this is the fastest approach to date for β-ketoenamine synthesis using a heteroatom-doped carbocatalyst ([Table S13](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)). In solvent-free conditions, the yield of β-ketoenamines was ∼78%. Also, we are reporting for the first time BV oxidation by a heteroatom-doped graphitic material using H~2~O~2~ for a wide range of ketones in MW (in comparison to previous reports; [Table S14](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf)).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01231](https://pubs.acs.org/doi/10.1021/acsomega.0c01231?goto=supporting-info).FTIR, BET, SEM, kinetics data, HPLC, HR-MS, NMR, etc. ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01231/suppl_file/ao0c01231_si_001.pdf))
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